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Introduction
Non-steroidal anti-inflammatory drugs (NSAIDs) are frequently used medicines. Traditional NSAIDs (tNSAIDs) are associated with a 3-to 5-fold increased risk of serious upper gastrointestinal complications which is about 50% lower with the use of COX-2 selective inhibitors (coxibs). [1] [2] [3] Concerns about the cardiovascular (CV) safety were first raised with the use of coxibs, [3] [4] [5] [6] [7] but several meta-analyses indicated that both coxibs and some tNSAIDs might be associated with an increased risk of CV thrombotic events. [8] [9] [10] [11] [12] However, evidence on the risk of CV events associated with the use of individual NSAIDs is scarce, especially for ischemic stroke (IS).
This study is part of the EU-funded project "Safety of Non-Steroidal Anti-Inflammatory Drugs" (SOS), in which risks associated with individual NSAID use were assessed based on data from six healthcare databases in four European countries. Due to the large study population, the risks could also be evaluated for less frequently used and previously not evaluated individual NSAIDs. Additionally, the effects of duration of use, risk factors of stroke, and comedication were investigated.
Methods
Data for this study were obtained from six healthcare databases from Germany, Italy, the Netherlands, and the United Kingdom covering over 32 million people (details in Table 1 ). [13] This analysis was exclusively based on routinely collected anonymized data and adhered to the European Commission's Directive 95/46/EC for data protection. The study protocol was approved by the databases' scientific and ethical advisory boards or regulatory authorities, where applicable, i.e. by the German Federal Insurance Office and the Senator for Labor, Women, Health, Youth and Social Affairs (GePaRD), the IPCI scientific advisory board and the THIN Scientific Review Committee (SRC) . No extra approval for data use was needed for PHARMO, SISR and OSSIFF.
Due to time varying nature of drug exposure, the large amount of potentially time varying confounders, the size of the cohort and the log duration of follow-up we performed a case-control study nested in a cohort of new NSAID users. [14] In these situations, a nested case control is computationally more efficient than a Cox analysis based on the full cohort and the estimated odds ratios are unbiased estimators of incidence rate ratios with little or no loss in precision. [15, 16] The study period started on July 1, 1999, and ended on December 31, 2010.
Individuals were included if ! 18 years who had (i) ! 12 months of continuous enrolment in the database before initial prescription/dispensing of an NSAID (ATC code M01A), (ii) no use of any NSAID in these 12 months, and (iii) no diagnosis of malignant cancer except nonmelanoma skin cancer during these 12 months. Cohort entry was the date of the first NSAID prescription/dispensing. Cohort exit was defined as the first of the following: (i) end of study period, (ii) occurrence of IS, (iii) end or interruption of membership, (iv) diagnosis of malignant cancer except non-melanoma skin cancer, or (v) death.
Acute IS was defined as cerebral infarction or stroke of ischemic origin or stroke not specified as hemorrhagic or subarachnoid bleeding and operationalized as a discharge diagnosis with the respective code. Despite differing coding systems between databases, the outcome definition was harmonized by mapping the disease concept included in the definition using the Unified Medical Language System. [17] The index date for cases was defined as the date of the first diagnosis of or first hospitalization for IS after cohort entry. For each case, up to 100 sex-and age-matched controls (± 1 year) were selected within each database. The index day for controls was the date of the event of the respective case. Thus, controls were implicitly matched on database and date. Cases were eligible to be selected as a control before their index day.
Exposure status at the index day was categorized as follows: (i) current: If the drug supply overlapped the index date or ended within the 14-day period before the index date, (ii) recent: If the supply ended between 15 and 183 days before the index date, or (iii) past: If the supply ended more than 183 days before the index date. NSAIDs were classified into coxibs (celecoxib, etoricoxib, lumiracoxib, rofecoxib and valdecoxib) and traditional, i.e. non-coxib NSAIDs.
The prescribed duration was used if recorded in the database. If the duration was not recorded or was generally not available, the defined daily dose (DDD) was used to estimate the duration of a prescription assuming the use of one DDD per day.
Duration of continuous use was categorized as: (i) < 7 days, (ii) 7 duration < 30 days, (iii) 30 duration < 90 days, or (iv) ! 90 days. To estimate the duration of continuous use, prescriptions were considered consecutive if the gap between the end of the previous and the following prescription was less than 14 days. Sex, age, lifestyle information, co-morbidity, and use of drugs were considered as potential confounders (for detailed definitions and specifications see S1 Methods). Harmonization of confounders was performed similarly to outcome harmonization.
Potential confounders were assessed in the twelve-month period before cohort entry. Drugs with a potential pharmacological interaction with NSAIDs or confounding drugs were assessed within 90 days or, for acute treatments, 30 days before the index date.
To estimate the risk of IS associated with current use of individual NSAIDs compared to past use of any NSAID as reference, matched odds ratios (OR) and matched ORs additionally adjusted for potential confounders and their 95% confidence intervals (CIs) were calculated using conditional logistic regression. We used past users instead of never users of NSAIDs as reference group to prevent confounding by indication which was one of the main problems in previous published studies. [11] Important risk factors for IS, i.e. prior history of stroke, transient ischemic attack (TIA), acute myocardial infarction, heart failure, atrial fibrillation and flutter, diabetes mellitus (DM), hyperlipidemia, use of angiotensin-converting-enzyme (ACE) inhibitors/ angiotensin (AT) II antagonists, calcium channel blockers, beta-blockers and other antihypertensive drugs, and smoking and concurrent use of lipid modifying agents, aspirin, anticoagulants, and platelet aggregation inhibitors, were a-priori included in the model. Other potential confounders were tested in a backward elimination process to avoid problems with zero cells in the planned stratified analyses. Analyses were first performed for each database separately. Then, case-control sets from all databases were pooled and analyzed together. Further analyses were performed to assess the effect of duration of continuous use. Additionally, analyses were stratified by sex, age, risk factors of stroke and selected co-medication.
Results
Overall, 4,593,778 new NSAID users were included. During the study period, 49,170 cases of IS were observed of which 49,118 could be matched to controls. Half of the cases occurred in females (50.3%). Cases were on average 72.7 years old (standard deviation 12.17), controls were slightly younger with a mean of 71.8 years (11.80). The distribution of potential confounders and respective unadjusted and adjusted matched ORs are displayed in Table 2 .
Matched and confounder-adjusted ORs for current use of each NSAID compared to past use of any NSAID are displayed in Table 3 and Fig 1 .
Use of coxibs (1.08, 95%-CI 1.02-1.15) and use of tNSAIDs (1.16, 1.12-1.19) were associated with an increased risk of IS.
Compared to past use of any NSAID, an increased risk of IS was seen for current use of rofecoxib (1.21, 1.10-1.34), valdecoxib (1.22, 0.73-2.03) and lumiracoxib (2.16, 0.79-5.88). However, for valdecoxib and lumiracoxib, the 95%-CI included the null value due to the low number of exposed subjects.
Among the tNSAIDs, the highest risk was seen for current use of ketorolac (1.46, 1.19-1.78), but also current use of diclofenac (1.26, 1.20-1.32), indomethacin (1.24, 1.02-1.51), ibuprofen (1.15, 1.09-1.22), nimesulide (1.14, 1.06-1.23), diclofenac with misoprostol (1.14, 1.01-1.29), and piroxicam (1.13, 1.01-1.27) was associated with an increased risk of IS. Naproxen (1.03, 0.91-1.16), meloxicam 0.96 (0.85-1.08), and ketoprofen (0.94, 0.83-1.07) showed no elevated risk. The same was true for use of some other, more rarely used NSAIDs.
Results of the analysis of the effect of the duration of continuous use are shown in S1 Table. Already short term use of NSAIDs was associated with an increased risk of IS. However, case numbers were too small to compare individual NSAIDs and to determine whether risks increased with longer use. Risk estimates were higher in males for the use of any NSAID, coxibs, tNSAIDs, and all examined individual NSAIDs with the exception of diclofenac (Fig 2) . However, CIs overlapped. For all NSAIDs, the effect on IS risk seems somewhat stronger among younger people than in older people. (Fig 3) . Patients with a prior history of IS or TIA were at a higher risk of IS than patients without such a history when using any NSAID, coxibs, tNSAIDs, and all examined individual NSAIDs except diclofenac and piroxicam (Fig 4) . Concomitant use of aspirin, anticoagulants, platelet aggregation inhibitors, and CV medication appears to lower the risk of IS associated with NSAIDs (Fig 5) .
Discussion
This multi-national study evaluated 49,170 IS cases in a cohort of more than 4.5 million new NSAID users. To date, this is the largest study examining the association between IS and use of individual NSAIDs. The study size and the heterogeneity in prescribing patterns across the involved European countries allowed to estimate the risks for 32 individual NSAIDs in real life practice and to examine the effect of risk factors of stroke and relevant co-medications.
Current use of coxibs and tNSAIDs were both associated with an increased risk of stroke compared to past use. However, this risk varied across individual NSAIDs. The highest risk estimate was seen for ketorolac, a tNSAID widely used in Italy. The most frequently used NSAID diclofenac was associated with a 25% increased risk of IS, which was comparable to the risk associated with rofecoxib and indomethacin. Ibuprofen, nimesulide, and piroxicam were associated with an increased risk of about 15%. Current use of meloxicam, ketoprofen, and celecoxib and use of some other, more rarely used NSAIDs did not show an increased risk.
A meta-analysis based on RCTs by the Coxib and traditional NSAID Trialists' (CNT) Collaboration [12] provided risk estimates for diclofenac, ibuprofen, naproxen, and coxibs that are consistent with our findings (naproxen, coxibs) or slightly lower (ibuprofen, diclofenac). In the network meta-analysis by Trelle et al., [8] risk estimates for diclofenac, ibuprofen, naproxen, celecoxib, etoricoxib, and rofecoxib were considerably higher, except for rofecoxib. A meta-analysis based on observational studies including more than 10,000 patients with IS [11] yielded risk estimates for naproxen, ibuprofen, diclofenac, and celecoxib in line with our estimates. Interpretation of the observed differences between our findings and the literature is hampered by different designs (e.g., regarding comparator group) and-for the observational studies-methodological issues (e.g., inclusion of prevalent users) of the included single studies.
This study is the first to provide conclusive risk estimates for some less frequently used NSAIDs such as nimesulide, piroxicam, meloxicam, ketoprofen, and indomethacin. Together with the more widely examined NSAIDs, they account for more than 90% of individual NSAIDs used in the four countries. Our data suggest an early onset of CV effects for most of the NSAIDs. This is different from findings of the Adenomatous Polyp Prevention on Vioxx (APPROVe) study [18] where the incidence rate of thrombotic events of placebo and rofecoxib users was similar for the first 18 months, and an increased risk for rofecoxib was only seen thereafter. However, the study population in this trial was very different from the patient population included in the observational Use of individual NSAIDs and the risk of ischemic stroke studies as patients with a prior history of stroke and TIA within 2 years were excluded. An early onset of stroke both for tNSAIDs and coxibs was also reported in several observational studies [19] [20] [21] [22] [23] and is consistent with the underlying biological mechanisms.
NSAIDs have a broad spectrum of indications: however, they are mostly used by patients with osteoarthritis. For example in a study based on data from the Clinical Practice Research Datalink (CPRD) use was in 66% for osteoarthritis, 21% pain related and in 13% for rheumatoid arthritis. [24] To test whether stroke risk is associated with inflammation but not with NSAIDs themselves, we performed a sub-group analysis including only patients with rheumatoid arthritis and inflammatory polyarthritis or prior use of drugs for the treatment of rheumatoid arthritis. The results of this analysis did not suggest a differential effect among patients with these inflammatory conditions compared to patients in the full cohort. This shows Use of individual NSAIDs and the risk of ischemic stroke that the observed association (i.e. the observed effects of the individual NSAIDs) cannot be explained by the underlying disease (i.e. inflammation) alone.
Careful NSAID prescribing is recommended in patients with a prior history of IS or TIA, as the associated IS risk of NSAID use seems to be higher in these patients. Concomitant use of aspirin, anticoagulants, and platelet aggregation inhibitors appears to mitigate this risk. We found that the NSAID risk varies by age and sex with higher IS risks observed in younger people and in males except for diclofenac. For some patients with a low baseline risk of IS the absolute risk of IS might not be altered considerably by the choice of NSAID and a small increase might be acceptable if their quality of life improves due to better pain control. However, as IS has serious consequences, we believe that it is worthwhile to avoid even a small increase in risk if a safer alternative-with comparable pain control-is available.
Our study has several limitations, mostly due to the use of secondary data. Lifestyle information (smoking, alcohol, body mass index, physical activity), socio-economic status, and use of over-the counter medication were not-or scarcely-available. However, assessment of comorbidity and co-medication might capture this information indirectly. This is visible in the ORs, indicating a risk associated with the use of medication that should be protective for IS (e.g., anticoagulants). These ORs do not reflect the effect of these drugs on IS, but rather the risk associated with receiving a prescription for such a drug due to underlying risk factors.
It has been proposed that the CV risk of coxibs results from the imbalance caused by inhibition of COX-2-mediated prostacyclin production without inhibition of COX-1-mediated thromboxane production. [25] More recent research indicates that the CV effects of individual NSAIDs also depend on a complex interaction of pharmacological properties, including duration and extent of platelet inhibition, oxidative stress and renal effects such as volume retention, the extent of blood pressure increase and properties possibly unique to the molecule, as well as pharmacokinetics. [26, 27] Some misclassification of the outcome is possible, but IS diagnosis has shown good positive predictive values in medical records and claims databases. Further, a validation study in three of the databases included in this study (IPCI, PHARMO and OSSIFF) yielded good concordance between coding and patient charts (unpublished data).
Information on NSAID exposure is precise regarding dispensing time and drug product and recall bias can be ruled out. [28] It is, however, unknown whether the patients took the medication as prescribed which might lead to misclassification of exposure status. As this would usually bias the results towards the null, significant differences as found in this study are still valid.
In all countries at least some of the NSAIDs are also available OTC. However, patients with chronic conditions, such as osteoarthritis and rheumatoid arthritis, get their NSAIDs on prescription. To assess whether OTC use is an important confounder, we performed an analysis including only patients with osteoarthritis, rheumatoid arthritis or inflammatory polyarthritis. The results of this analysis did not suggest a differential effect among the patients with probably very low use of OTC NSAIDs compared to patients in the full cohort.
Residual confounding and especially confounding by indication is always a problem in observational studies. We accounted for this by using a new user cohort, adjusting for many potential confounders in the multivariable analysis and performing sensitivity analyses based on a sub-cohort of patients with osteoarthritis, rheumatoid arthritis and inflammatory polyarthritis or prior use of drugs for the treatment of rheumatoid arthritis, i.e. patients with a similar disease who will probably all take the drug chronically. We also performed several quantitative bias analyses to assess whether the observed effects could be explained by residual confounding. [29] In all scenarios the confounder-exposure association or the confounder-outcome association had to be implausibly strong to nullify the observed associations. Nevertheless, we recognize that residual differences in patient's baseline characteristics may account for some of the observed variations in relative risk estimates associated with different individual NSAIDs.
The strengths of this study are the size of the source population and the length of follow-up resulting in a number of cases more than four times larger than in previous meta-analyses. [8, 9, 11, 12] The high number of cases allowed to also provide risk estimates for less often used NSAIDs and to examine potential effect modification by risk factors and co-medication. Additionally, we applied a new user design that avoids bias introduced by the fact that patients experiencing side effects are underrepresented in studies based on prevalent users (depletion of susceptibles) and allows the assessment of confounders before start of treatment. In contrast to field studies and due to the secondary nature of the data, no bias is introduced by nonresponse, and coverage of all age groups is complete. In contrast to previous studies, we focused only on IS and did not include hemorrhagic strokes, which have a different pathophysiology and etiology.
In summary, our study shows differences in the association of IS with current use of individual NSAIDs. It indicates a higher risk of NSAID use in patients with a prior history of IS or TIA, in younger patients, and in men. Concomitant use of aspirin, anticoagulants, and platelet aggregation inhibitors appears to mitigate this risk. Both tNSAIDs and coxibs might increase the risk of IS, suggesting that pharmacological properties other than COX-2 selectivity are important. The observed risk estimates might seem small, but as some of the NSAIDs belong to the most widely used drugs worldwide and stroke is one of the leading causes of morbidity and mortality, even an increase in risk of 20% will have a large effect on public health. 
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